Overexpression of PPK-1, the Caenorhabditis elegans Type I PIP kinase, inhibits growth cone collapse in the developing nervous system and causes axonal degeneration in adults  by Weinkove, David et al.
Available online at www.sciencedirect.com
13 (2008) 384–397
www.elsevier.com/developmentalbiologyDevelopmental Biology 3Overexpression of PPK-1, the Caenorhabditis elegans Type I PIP kinase,
inhibits growth cone collapse in the developing nervous system
and causes axonal degeneration in adults
David Weinkove b,c,⁎,1, Michael Bastiani a,1, Tamara A.M. Chessa b,2, Deepa Joshi a, Linda Hauth a,
Frank T. Cooke d, Nullin Divecha b,3, Kim Schuske a,⁎
a Department of Biology, University of Utah, Salt Lake City, UT 84112-0840, USA
b Division of Cellular Biochemistry, Netherlands Cancer Institute, 1066 CX Amsterdam, The Netherlands
c Department of Biology, University College London, Gower Street, London WC1E 6BT, UK
d Department of Biochemistry and Molecular Biology, University College London, Gower Street, London WC1E 6BT, UK
Received for publication 11 September 2007; revised 17 October 2007; accepted 23 October 2007
Available online 26 November 2007
Abstract
Growth cones are dynamic membrane structures that migrate to target tissue by rearranging their cytoskeleton in response to environmental
cues. The lipid phosphatidylinositol (4,5) bisphosphate (PIP2) resides on the plasma membrane of all eukaryotic cells and is thought to be required
for actin cytoskeleton rearrangements. Thus PIP2 is likely to play a role during neuron development, but this has never been tested in vivo. In this
study, we have characterized the PIP2 synthesizing enzyme Type I PIP kinase (ppk-1) in Caenorhabditis elegans. PPK-1 is strongly expressed in
the nervous system, and can localize to the plasma membrane. We show that PPK-1 purified from C. elegans can generate PIP2 in vitro and that
overexpression of the kinase causes an increase in PIP2 levels in vivo. In developing neurons, PPK-1 overexpression leads to growth cones that
become stalled, produce ectopic membrane projections, and branched axons. Once neurons are established, PPK-1 overexpression results in
progressive membrane overgrowth and degeneration during adulthood. These data suggest that overexpression of the Type I PIP kinase inhibits
growth cone collapse, and that regulation of PIP2 levels in established neurons may be important to maintain structural integrity and prevent
neuronal degeneration.
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doi:10.1016/j.ydbio.2007.10.029bisphosphate (PIP2) including GAP-43, MARCKS, and WASP
(Hartwig and Kwiatkowski, 1991; Higgs and Pollard, 2000;
Laux et al., 2000; Rohatgi et al., 2000; Sechi and Wehland,
2000). Binding of these proteins to domains at the plasma
membrane where PIP2 is concentrated may affect actin-
mediated morphological changes (Rozelle et al., 2000). Given
the dramatic cytoskeletal changes that occur during growth cone
migration, it is possible that PIP2 plays a role in this process.
PIP2 is primarily synthesized by phosphorylation of
phosphatidylinositol (4) phosphate by phosphatidylinositol
phosphate 5-kinases (PIP5Ks or Type I PIP kinases) (Ishihara
et al., 1996; Loijens and Anderson, 1996; Stephens et al., 1991;
Whiteford et al., 1997). Studies in cultured cells have impli-
cated PIP5Ks in the regulation of actin reorganization
(Desrivieres et al., 1998; Ishihara et al., 1998; Shibasaki et
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production of actin filaments in COS-7 cells; actin comet tails
in 3T3, REF52, and mouse embryonic fibroblast cells; and F-
actin-coated vacuoles in HeLa, 293T, and 3T3L1 adipocytes
(Benesch et al., 2002; Brown et al., 2001; Galiano et al., 2002;
Kanzaki et al., 2004; Rozelle et al., 2000; Shibasaki et al.,
1997). In contrast, decreases in PIP2 levels through inhibition of
the PIP5K impaired actin remodeling (Coppolino et al., 2002;
Raucher et al., 2000; Sakisaka et al., 1997). While there is no
direct data indicating a role for PIP2 or the PIP5K in growth
cone migration, there is indirect evidence that such a role might
exist. Small GTPases such as Rho and Rac, which function
during growth cone migration, regulate the localization and
activity of the PIP5K in non-neuronal cells and could
recapitulate this function in growth cones (Brown et al.,
2001; Chatah and Abrams, 2001; Chong et al., 1994; Govek
et al., 2005; Honda et al., 1999; Ma et al., 1998; Tolias and
Carpenter, 2000; Tolias et al., 2000). Consistent with this
notion, overexpression of PIP5K in cultured neuroblastoma
cells leads to retraction of neurite structures. In addition,
dominant negative forms of the PIP5K prevent neurite
retraction induced by semaphorin3A, Rho, and Rho kinase
(ROCK) (van Horck et al., 2002; Yamazaki et al., 2002).
These data suggest that disruption of PIP5K and PIP2 may
interfere with semaphorin and Rho-dependent growth cone
collapse. However, a role for the PIP5K and PIP2 in growth
cone dynamics and neuron migration in a developing nervous
system has never been tested.
Caenorhabditis elegans is an ideal organism in which to
study PIP2 regulated growth cone migration. First, a single
PIP5K exists in the worm in contrast to mammals that have
three isoforms. Second, levels of PIP2 can be manipulated in the
worm by overexpressing PIP5K. Third, robust growth cones are
formed and can be visualized in developing GABA neurons.
These growth cones migrate across the body of the worm and
change morphology in response to substrates allowing for a
detailed characterization of endogenous growth cone migration
(Knobel et al., 1999).
In this study, we characterize the C. elegans Type I PIP
kinase, PPK-1. When PPK-1 is overexpressed in developing
neurons, growth cones extend ectopic filopodial-like structures
and fail to efficiently collapse, leading to inappropriate axonal
branching. Interestingly, exposure to high levels of PPK-1 in
established adult neurons causes progressive membrane
overgrowth and degeneration. These data suggest that mis-
regulation of PPK-1 and PIP2 disrupts axon development and
maintenance.
Materials and methods
Strains
Mutant strains: VC963: ppk-1(ok1411) I / szT1 X ; + / szT1 X, UF66:
ppk-1(ok1411) I ; gqIs3[ppk-1 genomic rescue, gpb-2:GFP] /+; oxIs12
[Punc-47:GFP, lin-15+] X. GFP in GABA neurons: EG1306: oxIs12[Punc-47:
GFP, lin-15+] X lin-15(n765ts) X (Knobel et al., 1999; McIntire et al.,
1997). Pppk-1 GFP reporter strain: UF70: gqEx33[Pppk-1:GFP; lin-15+]; lin-
15(n765ts). GFP-tagged PPK-1 strain: UF60: gqIs35[Prab-3∷ppk-1∷GFP,lin-15(+)] IV ; lin-15(n765ts) X. PPK-1 overexpression strains: UF64:
gqIs37[Punc-47∷ppk-1; myo-2:GFP] II; oxIs12[Punc-47:GFP, lin-15+] X,
UF65: gqIs25[Prab-3∷ppk-1, lin-15(+)] ; muIs32[Pmec-7:GFP], EG3361:
gqIs25[Prab-3∷ppk-1, lin-15(+)] I ; oxIs12[Punc-47:GFP, lin-15+] X.
Sequences for alignment
Putative FYVE finger-containing PI kinase, Drosophila melanogaster
(O96838), FYVE finger-containing PI kinase, Homo sapiens (Q9Y2I7), FYVE
finger-containing PI kinase, Mus musculus (Q9Z1T6), PPK-3, C. elegans
(Q9XTF8), Fab1p, Saccharomyces cerevisiae (P34756), PPK-1, C. elegans
(O01759), putative 1-PI4P 5-kinase, D. melanogaster (Q0E8Y1), skittles,
D. melanogaster (Q7JNK2), Type Iα PI4P 5-kinase, H. sapiens (Q99755),
Type Iγ PI4P 5-kinase, H. sapiens (O60331), Type Iβ PI4P 5-kinase, H.
sapiens (O14986), Type IIα PI5P 4-kinase, H. sapiens (P48426), Type IIβ
PI5P 4-kinase, H. sapiens (P78356), Type IIγ PI5P 4-kinase, H. sapiens
(Q8TBX8), MSS4, S. cerevisiae (P38994), PPK-2, C. elegans (Q9BL73),
Type Iα PI4P 5-kinase, M. musculus (P70182), Type Iγ PI4P 5-kinase, M.
musculus (O70161), Type Iβ PI4P 5-kinase, M. musculus (P70181), Type
IIα PI5P 4-kinase, M. musculus (O70172), Type IIβ PI5P 4-kinase, M.
musculus (Q80XI4), Type IIγ PI5P 4-kinase, M. musculus (Q91XU3).
Transgenes
ppk-1 genomic transgene. To make the ppk-1 genomic rescuing transgene, a
9-kb PCR product was amplified with the primers TC3: AGATTA-
CATTTTTGCCGCCGCAGGT and TC4: ATGGATCTGTTGAGGCATCTCT-
GAAGTAAA using Bristol (N2) genomic DNA as template. 5 ng/μl of PCR
fragment along with 95 ng/μl of the marker plasmid gpb-2∷GFP (van der
Linden et al., 2001) was injected to create the array qaEx2904. The array was
integrated using gamma irradiation to create the integrated array gqIs3[ppk-1;
gpb-2∷GFP].
Neuronal overexpression transgenes. The Prab-3∷PPK-1 fusion transgene
was made based on a PCR-based fusion technique previously described (Hobert,
2002). The following primers were used to amplify the rab-3 promoter:
GCATATTTTTTGACGACGACGACC and CATCTGAAAATAGGGCTAC-
TGTAG and the ppk-1 genomic region: CTATTTTCAGATGGCTTCTCGGTC-
CACAACA and TC4. The PCR fragments that overlap were annealed and
amplified using the internal primers: GATCTTCAGATGGGAGCAGTGG (rab-
3 5′ internal) and GCTGCCACCAATCCTCTATTGAC to create the fused
product. Similarly, the Punc-47∷PPK-1 transgene was made using the primers
GCCAATTTGTCCTGTGAATCG and CATCTGTAATGAAATAAATGT-
GACGC to amplify the unc-47 promoter and GCGTCACATTTATTTCATTA-
CAGATGGCTTCTCGGTCCACAACA and TC4 to amplify the ppk-1 genomic
region. The PCR fragments were annealed and amplified using the internal primers
CCCGGAACAGTCGAAAGTCG and GCTGCCACCAATCCTCTATTGAC.
The GFP-tagged Prab-3:PPK-1 transgene was made using a three-way
PCR-based on the PCR fusion approach. The rab-3 promoter and ppk-1 geno-
mic regions were amplified separately using the primers described above. A
ppk-1:GFP fusion primer gtgagtggtgacacacctgtcgctAGCTTGCATGCCTG-
CAGGTCGACT was used with the primer AAGGGCCCGTACGGCCGAC-
TAGTAGG to amplify GFP from the plasmid pPD95.75. All three PCR
products were combined and the fusion made using the primer rab-3 5′
internal (see above) and the GFP 3′ internal primer GGAAACAGT-
TATGTTTGGTATATTGGG. All PCR fusion products were injected at
20 ng/μl with 50 ng/μl lin-15+ plasmid EK L15 (lin-15+) (Clark et al.,
1994) into MT1642 lin-15(n765). Extrachromosomal arrays were integrated
by X-ray irradiation and the resulting integrant gqIs35 was outcrossed several
times using MT1642.
Pppk-1∷GFP construct. 1.9 kb of upstream ppk-1 promoter was amplified
from wild type genomic DNA using the following primers: Pppk-1: 5′
CGGGATCCGAGCGTCACGAGACCGAATC 3′ and Pppk-2: 5′CGAC-
CGGTCCTGTGGACCGAGAAGCCATTATC 3′. The PCR fragment was
digested with BamHI and AgeI restriction enzymes and cloned into
equivalent sites in the GFP vector pPD95.75. The Pppk-1∷GFP plasmid
was injected at 20 ng/μl together with 60 ng/μl of EK L15. The resulting
array is gqEx33.
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The ok1411 deletion of ppk-1 was obtained from the C. elegans knockout
consortium. The phenotype (arrested larvae) can be rescued by the expression of
the gqIs3-integrated transgene containing the entire ppk-1 gene including
1647 bp of sequence upstream of the start codon and 677 bp downstream of the
predicted 3′ untranslated region, indicating the phenotype is due to deletion of
the ppk-1 gene. Larval arrest occurs after nervous system development is
complete. Due to a maternal contribution, it is not possible to accurately test the
role of ppk-1 in early nervous system development using these animals.
Antibodies
Based on the predicted C-terminal sequence of PPK-1, two peptides
(CGGYRLLKKMEHTWKAILHDGD, CGGSVHNPNFYASRFLTFMTEK)
were synthesized with a three amino acid (CGG) N-terminal linker. The
peptides were then individually coupled to keyhole limpet hemocyanin and
pooled for injection into rabbits. A similar procedure was used to raise anti PPK-
2 antiserum (Weinkove D., and Divecha, N., unpublished observations).
The resulting polyclonal antisera were used on Western blots at a 1:1000
dilution in PBS/Tween-20 containing 4% non-fat dry milk. The secondary
antibody was swine anti-rabbit HRP (Dako) at a 1:2000 dilution and detected
using either enhanced chemiluminescence (Amersham Pharmacia Biotech) or
Supersignal West Dura Extended Duration Substrate (Pierce). The specificity of
the anti PPK-1 antisera was confirmed using RNAi to deplete the recognized
band. PPK-2 antisera was confirmed using a mutant (Weinkove, D. and Divecha,
N., unpublished observations).
Phosphocellulose method for purifying PPK-1 activity from whole
worm lysates
To purify active PPK-1, a 50 μl pellet of L1 larvae was used for lysis in
500 μl 1% NP-40 lysis buffer (50 mM Tris–HCl pH 8.0, 50 mM KCl, 10 mM
EDTA, 1% NP-40) supplemented with protease inhibitors (complete EDTA-free
tablets (Roche)) and phosphatase inhibitors (sodium fluoride; sodium
orthovanadate). Disintegration of larvae was accomplished by sonication
(2×10 pulses), after which the actual lysis reaction was allowed to proceed
on ice for 30 min. Lysates were centrifuged at 14,000 rpm for 30 min (at 4 °C),
after which lysates were normalized for protein concentration by making use of
BioRad protein assay reagent. Supernatants were added to phosphocellulose
beads. 0.5 g of phosphocellulose beads (Whatman) were activated by incubating
in 20 ml of 0.5 M NaOH for 5 min at room temperature, after which the beads
were washed 10 times in 50 ml H2O and incubated for 5 min in 20 ml of 0.5 M
HCl. Activation of the beads was completed by washing 10 times in 50 ml H2O
and 5 times in base buffer (20 mM Tris–HCl pH 7.4, 2 mMMgCl, 10% ethylene
glycol, 0.05% Tween-20, 3 mM β-mercapto-ethanol). Beads were then washed
in lysis buffer and 20 ml of beads was incubated with lysate for 1–2 h at 4 °C to
allow efficient binding of proteins to the beads. Elution was done using varying
concentrations of NaCl (0.3, 0.6, and 1 M) in base buffer. All elutions were
performed twice with 100 μl of base buffer/NaCl for 5 min on ice. The eluted
fractions were then used for PIP 5-kinase assays or for Western blotting.
PIP 5-kinase activity assay
1 nmol of PI(4)P (Echelon Biosciences), 10 nmol of phosphatidylserine (PS;
Sigma-Aldrich), and 3 nmol of phosphatidic acid (PA; Sigma-Aldrich) were
prepared in micelles by drying, resuspending in water, sonicated then added to
10 μl of each elution fraction as a substrate. Next, 5 μCi [32P]-γATP
(Amersham Biosciences), together with 20 μM of “cold” ATP and PIP kinase
buffer (final concentration 50 mM Tris–HCl pH 7.4, 10 mM MgCl2, 1 mM
EGTA, 70 mM KCl), was added to the elution fraction/substrate mix. The
reaction was allowed to proceed for 20 min at room temperature, after which the
reaction was stopped by adding 500 ml of chloroform/methanol (1:1)
containing 0.1% lipid carrier (Folch Type I extract (Sigma)). Lipids were
extracted by adding 125 μl of 2.4 M HCl. The top phase was removed, and
lipids were extracted again with 500 μl of theoretical upper phase (500 ml stock
solution contains 235 ml methanol, 245 ml 1 M HCl, and 15 ml chloroform).The bottom phase was dried down and resolved by thin-layer chromatography
making use of the ammonia system (8.0 ml H2O, 2.0 ml ammonia, 45 ml
chloroform, 35 ml methanol). The PIP and PIP2 standard was generated by
subjecting a HT1080 cell lysate to [32P]-γATP for 10–30 min at 30 °C, after
which lipids were extracted as described above.
In vivo PIP2 labelling
Starved L1s were labeled with approximately 1 mCi [32P]-orthophosphate
(Amersham Biosciences) per sample essentially as described (Weinkove et al.,
2006). Larvae were killed by the addition of 500 ml of MeOH, disrupted with
acid-washed glass beads, and lipids extracted as described previously
(Desrivieres et al., 1998). Dried lipids were divided in half. Half was resolved
by thin layer chromatography using the ammonia solvent system and using PIP2
generated from purified GST-MSS4 (the S. cerevisiae PIP5K) as a standard
(Desrivieres et al., 1998). The results were analysed using a phosphoimager. The
other half of the lipids were deacylated and resolved by HPLC.
Fluorescence microscopy
Analysis of larval neuronal phenotypes
Worms of the appropriate age and genotype, oxIs12[Punc-47:GFP],
gqIs37[Punc-47:PPK-1]; oxIs12, gqIs25[Prab-3:PPK-1]; oxIs12, muIs32
[Pmec-7:GFP], and gqIs25; muIs32, were mounted on 3% agarose pads,
paralyzed with 5 mM sodium azide in M9 under a coverslip, and imaged by
epifluorescence microscopy (Nikon E800 with 60× 1.4 NA PlanApo) or
confocal microscopy (Biorad Radiance 2000). GABA DD and VD neurons
were scored for defects in axonal morphology and assigned to one of the
following classes: normal commissure, prematurely terminating axon, branched
axon, and prolonged growth cone. In a few cases, neurons displayed multiple
phenotypes. ALM and PVC neurons were scored for abnormal projections. Any
ALM projection that was longer than the average wild type projection was
scored as defective.
Longitudinal studies
Newly hatched L1 gqIs37[Punc-47:PPK-1]; oxIs12 worms were mounted
individually on 3% agarose pads under a coverslip in 5 μl of 10 mMmuscimol in
M9; muscimol was used to anesthetize worms because worms recovered from
these slides quickly and resumed normal behavior and growth. Images of VD
and DD neurons were taken with a confocal microscope (Biorad Radiance 2000
with 60× 1.4 NA PlanApo). After imaging, worms were recovered from slides
and returned to small agar plates seeded with HB101. The second time point was
approximately 15 h after hatching, the third time point approximately 24 h later,
and the final time point was 24 h later (animals were morphologically adults at
this time point). In all, ten worms were imaged and all worms showed
progressive phenotypes. Prab-3:PPK-1; oxIs12 worms were imaged starting as
L4 larvae (determined by vulval morphology). Animals were allowed to recover
on plates seeded with HB101 placed at room temperature until the next time
point. Animals were imaged as 1-, 2-, 4-, and 6-day-old adults. Eight worms
were imaged, but only four survived to 6-day-old adults, and all worms showed
progressive phenotypes. DVB neurons were imaged independently as L2 larvae
(15 h after embryo hatching at 22 °C), L4, 1-, 4-, and 7-day-old adults. Ten
worms were imaged, but only five survived to become 7-day-old adults and all
showed progressive phenotypes.
Growth cone analysis
Either wild type, oxIs12, or gqIs37[Punc-47:PPK-1]; oxIs12 worms were
picked at hatch (time 0 h) and maintained at either 22 or 15 °C. VD growth cones
extend at about 15 h (at 22 °C) or 17 h (15 °C). Worms were mounted on 6–8%
agarose pads in 5 μl of 10 mMmuscimol (Sigma) in M9. Coverslips were sealed
with Vasoline to prevent the agarose pads from drying. Individual worms
selected based on gonad development were quickly scanned to identify suitable
growth cones. Individual growth cones were imaged with a confocal microscope
using a Nikon 60× 1.4 NA PlanApo lens at a time interval of 60–120 s. Duration
of time-lapse experiments varied from 1 to 4 h.
The average time it took wild type and Punc-47:PPK-1 growth cones to
reach the dorsal muscle, form an anvil, send a projection to the dorsal cord, and
collapse was calculated. Not all migrating growth cones were imaged as they
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points. For this reason, the time was calculated for each growth cone that went
from one landmark to the next. For example, if imaging of a growth cone began
after it had reached the muscle, but had not formed an anvil, then the time point
between anvil formation, reaching the dorsal muscle, and growth cone collapse
were calculated, but time to form the anvil was not.Fig. 1. A single Type I PIP kinase is present in C. elegans and has PIP 5-kinase ac
humans, mice, C. elegans, D. melanogaster and S. cerevisiae. The sequences from S
human designations) and the alignment was performed using AlignX in Vector NTI, T
starved L1s using phosphocellulose beads. Fractions were assayed for 5-kinase activ
kinase activity and Western blotting. PPK-2 is primarily found in the 0.6 M fraction.
the 60 kDa recognized band (data not shown). The 50 and 55 kDa bands were not
protein. PPK-2 antisera were confirmed using a mutant (Weinkove, D. and DivechaHigh-magnification time-lapse series were taken of growth cones, after anvil
formation, in order to calculate membrane projection number, length, and life
span at the following settings: 512×512 pixels, zoom 8 (0.05 pixels/μm), 166
lines/s, laser power 1–2% (5 mW 488 line), iris 2.5–3.5, z step 0.5–1 μm, and
time interval of 60 s. Z stacks varied from 3 to 6 μm. Duration of time-lapse
experiments varied from 1 to 4 h. For wild type, only growth cones that showedtivity. (A) A Guide Tree showing the interrelatedness of the PIP kinases across
wiss prot (the mouse PIP kinase nomenclature has been corrected to follow the
ypes I, II and III PIP kinases are color-coded. (B) PPK-1 purified from lysates of
ity using PI4P as a substrate. PPK-1 is present in the 0.3 M NaCl as assessed by
The specificity of the anti PPK-1 antisera was confirmed using RNAi to deplete
affected by RNAi against ppk-1, suggesting these bands are not specific to the
, N., unpublished observations).
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overestimated in wild type and the true difference between wild type and
Punc-47:PPK-1 growth cones is likely to be greater. Measurements were
taken using Image J. VD and DD neurons were analyzed in both strains.Results
PPK-1 is the only Type I PIP kinase in C. elegans
The mammalian PIP kinases are divided into three classes
(Type I, Type II, and Type III) based on sequence and substrate
specificity. BLAST search analysis of the C. elegans genome
identified three open reading frames with homology toFig. 2. ppk-1 is expressed at high levels in the nervous system and localizes to the
multiple tissues including neurons, spermatheca, body wall muscle, distal tip cell, p
Scale bars: (A) 10 μm; (B–E) 5 μm. (F) GFP-tagged PPK-1 expressed in neurons und
increased magnification shows localization of GFP at cell body plasma membrane.mammalian PIP kinases with each gene representing a single
homologue of each of the three classes (Fig. 1A). The Type I
PIP kinases, also called PIP5Ks, phosphorylate phosphatidyli-
nositol 4-phosphate (PI4P) on the 5-OH position of the inositol
ring to produce PI(4,5)P2 (Ishihara et al., 1996; Loijens and
Anderson, 1996). In mammals, there are at least three isoforms
(α, β, γ). In C. elegans the open reading frame F55A12.3, PPK-
1, is very similar to all three isoforms of the mammalian Type I
PIP kinases. Type II PIP kinases, also called PIP4Ks,
phosphorylate phosphatidylinositol 5-phosphate (PI5P) on the
4-OH position to PI(4,5)P2 (Boronenkov and Anderson, 1995;
Castellino et al., 1997; Itoh et al., 1998; Rameh et al., 1997).
The Type II kinase is represented by the C. elegans openplasma membrane. (A–E) Cellular expression of ppk-1. ppk-1 is expressed in
osterior intestine, and hypodermal seam cells. Adult hermaphrodites are shown.
er the rab-3 promoter. Scale bar: 5 μm. (G) A single section of the nerve ring at
Scale bar: 5 μm. L2 larva is shown.
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Chessa, T. and Divecha, N., unpublished observations). Type III
PIP kinases, also called PIKfyve kinases in mammals, make a
different product than Type I and Type II, by phosphorylating
phosphatidylinositol 3-phosphate (PI3P) on the 5-OH position
to make PI(3,5)P2 (McEwen et al., 1999; Sbrissa et al., 1999,
2002). The C. elegans open reading frame VF11C1L.1
encodes a Type III PIP kinase and is named PPK-3 (Nicot
et al., 2006).
Previous studies in other systems showed that Type I PIP
kinases (PIP5K) are the primary enzymes responsible for
producing PI(4,5)P2 at the plasma membrane of most cells
(Stephens et al., 1991; Whiteford et al., 1997). PPK-1 is
approximately 50% identical with Type I PIP kinases in other
species. In addition, PPK-1 possesses 16 out of 22 amino acids
shared between all human Type I PIP kinases in a region of the
protein termed the activation loop, which has been shown to
govern substrate specificity (Kunz et al., 2002). While the Type
II PIP kinase can also make PI(4,5)P2 in vitro, the contribution
of this enzyme to cellular PI(4,5)P2 levels is unknown. In C.
elegans, a deletion allele of ppk-2 is viable and shows no gross
defects or reduction in levels of 32P-orthophosphate-labeled
PIP2 suggesting that it is not critical for PIP2 production in the
worm (Weinkove, D., Chessa, T. and Divecha, N., unpublished
observations). By contrast, ppk-1(ok1411) deletion mutants
arrest as uncoordinated larvae. The ppk-1(ok1411) mutant
animals are likely to survive due to a maternal contribution. L4
animals fed with bacteria producing double stranded ppk-1
RNA produce dead embryos and cosuppression of germline
ppk-1 results in sterility (Robert et al., 2005) (data not
shown), suggesting that ppk-1 has an early embryonic role.
To confirm that PPK-1 has PI4P 5-kinase activity, we
purified the activity using crude fractionation of a detergent
lysate of C. elegans (Fig. 1B). Specifically, lysate was bound to
activated phosphocellulose beads, washed and fractions were
eluted using increasing concentrations of sodium chloride.
Fractions were assayed for PI4P 5-kinase activity and for PPK-1
protein by Western blotting. These experiments showed that the
0.3 M NaCl fraction contained the highest PI4P 5-kinase
activity and had the majority of PPK-1 protein. In contrast, the
Type II PIP kinase (PPK-2) was primarily found in the 0.6 M
NaCl fraction, which showed minimal PI4P 5-kinase activity.
Taken together our data suggest that PPK-1 is the main PIP
kinase for PI(4,5)P2 production in C. elegans.
ppk-1 is highly expressed in the nervous system
To determine the endogenous expression pattern of ppk-1,
GFP was expressed under the control of the ppk-1 promoter.
1.9 kb of sequence upstream of the ppk-1 start codon was PCR-
amplified and fused to GFP. Examination of the resulting
transgenic animals revealed that ppk-1 is broadly expressed in
early embryos (data not shown). In adults, ppk-1 is expressed at
high levels throughout the nervous system as well as in the
spermatheca, hypodermal seam cells, and distal tip cell of the
gonad (Figs. 2A–E). Lower expression is seen in the intestine,
gonad, and body wall muscle. The high level of expression ofppk-1 in the nervous system suggests that it has an important
role in this tissue.
Studies in other systems demonstrated that the Type I PIP
kinase is primarily localized at the plasma membrane. To
determine where the C. elegans kinase is localized within
neurons, PPK-1 protein with GFP fused to the C-terminus was
expressed under the control of a pan-neuronal promoter for the
rab-3 gene (Nonet et al., 1997). Similar to the vertebrate Type I
kinase, the PPK-1:GFP fusion protein can localize to the plasma
membrane (Figs. 2F, G).
Interestingly, animals expressing the PPK-1:GFP fusion
protein are uncoordinated. A similar uncoordinated phenotype
is observed in animals overexpressing an untagged PPK-1
under the rab-3 promoter (Jospin et al., 2007) as well as worms
expressing an untagged PPK-1 under the endogenous ppk-1
promoter. This suggests that overexpression of PPK-1 in
neurons leads to nervous system disruption.
Overexpression of PPK-1 leads to increased PIP2
To determine if overexpression of PPK-1 can increase PIP2
levels in Prab-3∷PPK-1 animals, we labeled L1 larvae with
32P-orthophosphate and assayed for the presence of PIP2. Lipids
were extracted, separated by thin layer chromatography and
quantified by phosphoimager. In parallel, lipids were deacety-
lated and analyzed by HPLC. Levels of PIP2 as a proportion of
total labeled phospholipid were increased approximately 40% in
animals overexpressing ppk-1 in neurons compared to controls
(Fig. 3A). Given that the rab-3 promoter is only active in
neuronal cells, the cellular increase in PIP2 levels in worms
overexpressing PPK-1 are likely to be considerable suggesting
that it is possible to override feedback mechanisms that are
thought to maintain stable levels of PIP2 in the cell (Ling et al.,
2006).
Mature neurons are susceptible to PPK-1 overexpression
Why are animals overexpressing PPK-1 uncoordinated?
PIP2 is an important regulator of many cellular processes
including membrane trafficking, actin polymerization, and
signal transduction. In neurons of mice lacking PI5PKγ,
synaptic vesicle recycling is disrupted (Di Paolo et al., 2004).
However, the effect of overexpressing the kinase in an
endogenous nervous system has not been previously tested.
To determine if the structure of the nervous system is normal in
Prab-3:PPK-1 animals, we analyzed a subset of motor and
mechanosensory neurons.
The DD and VD motor neurons were analyzed using a
construct expressing GFP under the GABA specific promoter
unc-47. The GABA nervous system in C. elegans consists of
26 out of 302 total neurons. Nineteen of these are the VD and
DD motor neurons whose cell bodies are located on the ventral
side of the worm. Axons from these neurons migrate
circumferentially across the body of the worm until they
reach the dorsal side where they form part of the dorsal nerve
cord. A pair of longitudinal mechanosensory neurons, ALM
left and right, were analyzed using a construct expressing GFP
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1992) (H. Korswagen, personal communication). The cell body
of these neurons is located near the anterior, dorsal side of the
worm. The ALM neuron sends a projection towards the head
and occasionally has a short projection that is sent towards the
posterior.
Overexpression of PPK-1 disrupted both motor neuron and
mechanosensory neuron structure (Figs. 3B, C). Interestingly, a
quantitative analysis in which animals were imaged at different
stages of development showed that the number of defects
increased as an animal aged. Specifically, 12% of animals in
early larval stages (5, 15, and 24 h after hatching) had GABA
neuron pathfinding or axon branching defects, this increased to
54% in L4 larvae and 90% in young adults. Only 8% of wild
type adults showed similar defects (Fig. 3B). A similar age-
dependent accumulation of defects was seen in mechanosensory
neurons (Fig. 3C). Thus, overexpression of PPK-1 appears to
disrupt neuron maintenance.
To more thoroughly characterize neuronal maintenance in
Prab-3∷PPK-1 animals, a longitudinal analysis was performed.
Individual animals were imaged multiple times, starting as L4
larvae, and ending as 6-day-old adults. The analysis showed that
there is a dramatic progression of defects as Prab-3:PPK-1
adult animals age (Figs. 4A–D). Three main defects were
observed. First, ectopic growths were found to initiate either
from existing axons, or from the ventral nerve cord (Fig. 4A).
No obvious growth initiated from the dorsal nerve cord. Once
an ectopic growth was initiated, there appeared to be no clear
direction of growth. Rather, as the animals aged, the projections
continued to extend in random orientations sometimes leading
to a tangled mass of axon. Second, some existing axons became
increasingly thin and started to form membrane blebs as the
animals aged (Fig. 4B). While many of the axons remained
barely visible in 6-day-old adult animals, some of the axons
were no longer visible by this stage suggesting that they had
degenerated. Third, ectopic projections initiated from some
cell bodies, most evident in the isolated neuron DVB in the
tail of the worm (Fig. 4C). The number of projections, length
of projections, and branches from a given projection all
increase as an adult aged (Fig. 4D). Finally, both the ventral
and dorsal nerve cords became increasingly defascicu-
lated (data not shown). Thus, overexpression of PPK-1 leads
to progressive overgrowth and degeneration of established
neurons.
Overexpression of PPK-1 in developing neurons inhibits
growth cone collapse
The ectopic membranous projections observed in adult
neurons suggest that overexpression of PPK-1 is disrupting theFig. 3. Overexpression of PPK-1 under the pan-neuronal promoter rab-3 causes an acc
of total labeled phospholipids in wild type and Prab-3∷PPK-1 animals. An averag
T-test. (B) Accumulation of branched axons and pathfinding errors are observed s
Percent of worms showing abnormally branched axon and/or pathfinding errors: 5 h
have an increased number of commissures that migrate on the wrong side (not show
and projections from the PVC cell body are also observed late after development. M
affected is shown. Scale bar: 5 μm.structure of the neuron cytoskeleton. However, during neuron
development, the cytoskeleton is constantly changing in
response to environmental cues. Why are there no defects in
developing neurons when PPK-1 is overexpressed? One
possibility is that the larval nervous system is resistant to
high levels of PPK-1 while the adult nervous system is
sensitive. A second and more likely possibility is that PPK-1 or
PIP2 is not expressed at high enough levels in early larvae in the
Prab-3∷PPK-1 animals to disrupt development.
We attempted to look at ppk-1(ok1411) mutants to determine
if PPK-1 is required for neuron development. GABA neurons in
maternally wild type ppk-1(ok1411) zygotic mutant larvae
appear to grow out normally, but the axons look slightly thinner
and wavier than axons in wild type controls (data not shown).
Given the maternal rescue observed in the mutants, it is likely
that PPK-1 function is still present in these animals and
precludes analysis of ppk-1 loss of function phenotypes at this
developmental stage.
To determine if overexpression of PPK-1 can disrupt neuron
development, we expressed ppk-1 using the unc-47 promoter
which was previously shown to be turned on in the DD and VD
neurons prior to axon outgrowth (Knobel et al., 1999). Similar
to Prab-3:PPK-1 animals, Punc-47:PPK-1 animals show
defects in neuron structure; however, the defects start earlier:
81%, 90%, and 100% of larvae 5, 15 and 24 h after embryonic
hatching, respectively, show premature axon termination, axon
branching, and prolonged growth cone defects (Fig. 5). This is
in contrast to Prab-3:PPK-1 animals in which only 12% of
larvae at these stages had defects.
To determine if the defects are due to disruption of
growth cone behavior during migration, we used time-lapse
imaging to analyze individual growth cones in wild type and
Punc-47∷PPK-1 animals. Wild type GABA growth cones
exhibit morphological changes as they encounter new substrates
(Figs. 6A, B; Supplementary Movies 1 and 2). During migration
across the hypodermis the growth cone forms a broad
lamellipodial-like structure with multiple filopodial-like projec-
tions. When the growth cone encounters the dorsal muscle, it
forms an anvil shape and then sends out fingers between the
muscle/hypodermal attachment structures. Usually a single
finger extends beyond the muscle and migrates towards the
dorsal nerve cord. Once the finger reaches the dorsal cord, the
anvil immediately collapses and a new growth cone forms in
order to extend along the dorsal cord (Knobel et al., 1999).
Time-lapse analysis of animals overexpressing PPK-1
indicate that growth cones migrate at normal rates across the
hypodermis, form anvils at the muscle boundary and send
fingers towards the dorsal nerve cord. However, two main
defects were observed: growth cones fail to properly collapse,
and they send out ectopic membrane projections. 58% ofumulation of PIP2 and neuronal defects. (A) Graph of PIP2 levels as a percentage
e of three biological replicates for each genotype is shown, p=0.018 unpaired
tarting in L4 larvae. Marker: Punc-47:GFP (GABA:GFP). Scale bar: 10 μm.
– 1%, 15 h – 4%, 24 h – 7%, L4 – 54%, 1-day-old adult – 90%. Worms also
n). (C) Accumulation of extended posterior projections from ALM cell bodies,
arker: Pmec-7:GFP. Because single neurons were analyzed, the % of neurons
Fig. 4. Longitudinal study showing progressive defects in adult Prab-3:PPK-1 animals. (A) Example of axon overgrowth. A single region in the middle of the body of
a worm imaged as an L4, 4-day-old adult, and 6-day-old adult is shown. Lateral view. (B) Example of axon degeneration. A single region in the middle of the body of a
worm imaged as an L4, 4-day-old adult, and 6-day-old adult. Lateral view. (C) Example of cell body overgrowth. The DVB neuron in the tail of a worm was imaged
when the animal was an L2, L4, 1-day-old, 4-day-old, and 7-day-old adult. Lateral view is shown. (D) Quantification of progressive cell body overgrowth. Images
were analyzed for specific defects: the number of projections extending from the cell body, number of secondary branched projections, and length of the longest
projection. For the length measurement, if one projection had multiple branches, then only the longest branch was measured starting from the point of contact with the
cell body. Only images collected between L4 and 4-day-old adults were analyzed. Seven-day-old neurons could not be quantified using this method due to extensive
branching, overlapping processes, and degenerating processes. Significant increases in all categories are seen from L4 stage to first day adult. Neuron complexity was
quantified by drawing 5-μm-, 6-μm-, 7-μm-, and 8-μm-diameter circles around the DVB neuron cell body placing the cell body in the center of the circle. The number
of times a projection crossed the circle was determined for each circle, and the four numbers were averaged for each time point (unless the projections were shorter than
a circle, in which case the average was taken of the smaller circles). No significant difference was found for the number of projections crossing different sized circles
for a given cell body at a given time point, suggesting that complexity near the base is similar to complexity further away from the cell body. Each bar in the graph
shows an average for the five worms that survived to 7-day-old adults. Scale bars: 5 μm.
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boundary fail to collapse (Figs. 6A, B; Supplementary Movie
3). In the defective growth cones, the length of time spent at themuscle boundary prior to collapse ranged between 57 min and
greater than 3 h (at which time the analysis was terminated).
This is in contrast to wild type growth cones which collapse in
Fig. 5. Quantitative analysis of defects in animals overexpressing PPK-1 in developing GABA neurons. Synchronized egg lay collections were taken and animals were
aged and defects were scored 5, 15, and 24 h after hatching at 25 °C. The timing should approximate L1, L2, and L3 larval stages. Percent of animals with specific
defects: premature axon termination, 5 h – 55%, 15 h – 51%, 24 h – 42%; branched axons, 5 h – 35%, 15 h – 74%, 24 h – 96%; prolonged growth cone, 5 h – 28%,
15 h – 26%, 24 h – 10%. Many worms at all stages had multiple defects. Worms also have an increased number of commissures that migrate on the wrong side (not
shown). No significant defects in any category were observed in wild type animals. Grey box represents the body wall muscle.
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defective Punc-47:PPK-1 growth cones reached the dorsal
nerve cord, and partial, but not complete collapse of the growth
cone was observed (Fig. 6B; Supplementary Movie 3). Thus,
overexpression of PPK-1 does not appear to prevent a collapse
signal from being received, but instead may stabilize the
structure of the growth cone.
Once a wild type growth cone reaches the dorsal muscle, an
anvil shape forms, and most membrane projections are sent
towards the dorsal cord. In contrast, while growth cones in
Punc-47∷PPK-1 animals form anvils and send projections
towards the dorsal cord, many also send out ectopic projections
from other surfaces of the growth cone, as well as occasionally
from the axon (Fig. 6B; Supplementary Movie 3). To determine
if projection number, length, and life span (time from extension
to retraction) are affected by overexpression of PPK-1, we
analyzed in vivo growth cone behavior at the muscle boundary
using high magnification time-lapse imaging. The number,
length and life span of ectopic projections, excluding dorsal
projections, were compared between wild type and Punc-47:
PPK-1 growth cones. Growth cones in animals overexpressing
PPK-1 display more projections (wild type: 2.3±0.6, n=4;
Punc-47:PPK-1: 11.5±3.6, n=4; unpaired T-test, p=0.04), the
projections were longer at their maximum length (wild type:
1.4±0.2 μm, n=9; Punc-47:PPK-1: 3.7±0.4 μm, n=46;
p=0.008), and the period encompassing growth and retraction
was longer when compared towild type (wild type: 2.6±0.7min,
n=9; Punc-47:PPK-1: 14.9±2.6 min, n=46; p=0.04). In
summary, time-lapse imaging experiments indicate that
growth cones overexpressing ppk-1 often fail to collapse at
the dorsal muscle and send out abnormal ectopic filopodial-
like projections.
How do growth cone defects in animals overexpressing
PPK-1 affect the final structure of the nervous system? Toaddress this question, a longitudinal analysis was performed in
which single animals were imaged at multiple developmental
stages. We found that the majority of neurons eventually make
their way to the dorsal cord. However, the route taken is often
indirect. For example, growth cones, which appear to be stuck at
the dorsal muscle boundary, often send lateral branches along
this boundary. The branches remain as the animal ages and
occasionally can form secondary projections that also migrate to
the dorsal cord (Figs. 7A, B). Secondary branches not only
appear from stalled growth cones, but also extend from other
locations along the axon and from the ventral cord, suggesting
that when ppk-1 is overexpressed developing neurons are
plastic.
Discussion
PI(4,5)P2 is an important lipid that has been implicated in
diverse biological processes including membrane trafficking,
actin polymerization, protein localization, and cell signaling.
Most studies of PIP2 and PIP5Ks have been performed in
cultured cell systems or in in vitro biochemical assays. In this
study we characterize the C. elegans PIP5K and show that this
kinase can generate PIP2 in vitro. Overexpression of the kinase
in neurons leads to uncoordinated locomotion, which is likely to
be partially due to defects in the structure of the nervous system.
Overexpression of PPK-1 in developing neurons causes specific
defects in growth cone migration, while overexpression in
established neurons causes abnormal growth and eventual
degeneration. Since overexpression of PPK-1 throughout the
nervous system can lead to increased 32P-labelled PIP2, this
suggests that the effect is due to increased PIP2 or its by
products.
One of the main phenotypes we observe when PPK-1 is
overexpressed in developing or mature neurons is an increase
Fig. 6. Time-lapse imaging of growth cones in wild type and animals overexpressing PPK-1. (A) Average time wild type and Punc-47:PPK-1 growth cones take to
reach the dorsal muscle, form an anvil, send a projection to the dorsal cord, and collapse. (B) Example images of wild type and Punc-47∷PPK-1 growth cones taken
from Supplemental Movies 2 and 3, respectively. Wild type growth cone forms an anvil, extends fingers and collapses. Time in hours and minutes is shown. Punc-47:
PPK-1 growth cone is also shown at the muscle boundary as imaging began. Fingers extend to the dorsal cord and the growth cone begins to collapse, but fails to fully
collapse after 2 h and 51 min. Ectopic projections are marked by arrows and dorsal projections by arrowheads.
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consistent with previous studies that overexpress PIP5K in
non-neuronal cultured cells. Overexpression of PIP5K in
multiple cell types increase actin based cytoskeletal structures
(Benesch et al., 2002; Brown et al., 2001; Galiano et al., 2002;
Kanzaki et al., 2004; Rozelle et al., 2000; Shibasaki et al.,
1997). However, our data appears to contradict studies
conducted in cultured neuroblastoma cells which showed that
overexpression of PIP5K causes retraction of neurite structures
(van Horck et al., 2002; Yamazaki et al., 2002). One possible
explanation for the difference between our studies is the
environments in which the neurons are migrating. For example,
the adhesive environment in an intact animal is likely to bevery different from a neuron grown in culture. In addition, the
network of intracellular signaling components in a C. elegans
motor neuron is likely to differ from a neuroblastoma cell.
Finally, it is possible that individual isoforms of mammalian
PIP5Ks play specific roles in neurite extension and main-
tenance (Giudici et al., 2004). Any one of these differences
could determine how the cells respond to high levels of the
kinase. Alternatively, the levels of PIP5K that each cell is
exposed to may not be equivalent in the different experimental
systems.
What does PPK-1 overexpression reveal about the potential
role of PIP2 in growth cone migration? It is surprising that
growth cones in animals overexpressing PPK-1 have such a
Fig. 7. Longitudinal study showing how abnormal structures resolve as development proceeds. (A) Entire worm 15 h after hatching (L2) and L4 larval stages.
Prolonged growth cones: a, b, c, d are marked by arrows. All four send projections to the dorsal cord by the L4 larval stage (for c, a very thin projection is visible). Scale
bars: 10 μm. (B) High magnification of a prolonged growth cone from a different worm. Section of the worm showing a prolonged growth cone (approximately 15 h
after hatching) which resolves into an axon that branches at the dorsal muscle (L4), and finally forms a secondary projection (1-day-old adult). Scale bars: 5 μm.
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after the DD and VD neurons are born, it may take some time
for PPK-1 and PIP2 levels to reach a critical concentration in the
developing neuron. This could be one reason that growth cones
show a preferential defect at the muscle boundary. However,
since many of the growth cones that make it to the muscle
boundary show ectopic projections and a failure to collapse, it is
likely that these are the processes that are most sensitive to high
levels of PPK-1. High levels of PIP2 could inhibit actin capping
proteins such as cofilin and gelsolin. Inhibition of these proteins
might stabilize the growth cone structure and possibly cause an
increase in membrane projections. Interestingly, hippocampal
cells cultured from gelsolin knockout mice do show an
increased number of filopodia (Lu et al., 1997), a phenotype
similar to that observed in neurons overexpressing PPK-1,
suggesting that gelsolin could be inhibited by PIP2 in our
system.
What does overexpression of PPK-1 in adult neurons suggest
about the role of PIP2 in the adult nervous system? Previous
studies suggest that an increase in PIP2 levels at sites of
endocytosis in the absence of the phosphatidylinositol phos-
phatase, synaptojanin, disrupts synaptic vesicle recycling
(Cremona et al., 1999; Dickman et al., 2005; Harris et al.,
2000; Verstreken et al., 2003). In C. elegans, synaptojaninmutants do not appear to have a defect in neuron structure (our
unpublished observation). By contrast, overexpression of PPK-
1 in adult neurons disrupts neuron structure and eventually
causes neuron degeneration. The disparity in phenotypes may
be due to the region within a cell that is exposed to the increased
PIP2. In synaptojanin mutants, the increase in PIP2 is thought to
be confined to sites of endocytosis, while overexpression of
PPK-1 is expected to increase PIP2 throughout the neuron
plasma membrane. The difference in phenotypes suggest that by
altering the subcellular levels of PIP2 in a genetic system, it may
eventually be possible dissect the cellular functions of this
important lipid in vivo.
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